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Abstract 

The electroluminescence characteristics of GaN/AlGaN multiple-quantum-well ultraviolet 
light-emitting diodes (LEDs) with different concentrations of silicon impurities in the first AlGaN 
barrier layer near the N-type GaN region is investigated numerically. It is found that the LED’s 
electroluminescence spectrum blueshifts and its peak intensity increases first and then decreases, as the 
Si-doping concentration increases. This is because that the effective potential height and width of the 
first barrier layer is reduced due to the screening effect by the ionization of silicon impurities. As a 
result, more electrons can be injected into the active region, enhancing the luminescence efficiency. 
However, when the impurity concentration is too high, the leakage of holes may become severe, 
leading to a reduction of the luminescence intensity for the most heavily doped sample at the injection 
current of 20 mA. 

Keywords: ultraviolet LED, GaN/AlGaN multiple quantum wells, first barrier, doping 


concentration, screening effect. 


1. Introduction 

During the past decades, the GaN-based visible light-emitting diodes (LEDs), which employ the 
InGaN/GaN multiple-quantum-well (MQW) structure as the active region, have been successfully used 
in the fields of white-light illumination and color display [1-6]. Recently, the ultraviolet LED based on 
AlGaN material has attracted lots of attention due to its potential applications in environmental 
purification, disinfection, and short-distance security communication [7-10]. Nevertheless, the 
luminescence efficiency of AlGaN-based ultraviolet LED is still quite low at present, which is suffered 
from the difficult growth of high-quality AlGaN alloy [11,12], low injection rate of holes [13], leakage 
of electrons [14], strong quantum-confined Stark effect (QCSE) caused by polarization field [15], 
difficult P-type doping for AlGaN material, and the crystal defects induced by lattice mismatch in 
GaN/AIGaN heterostructure [16,17]. Thus, it is important to carefully study and optimize the epitaxial 
structures of ultraviolet LEDs as well as the crystal quality of AlGaN materials in order to enhance the 
device performance of ultraviolet LEDs [18-26]. Particularly, for the GaN/AlGaN MQW ultraviolet 
LEDs studied in this work, it is found that the AlGaN first barrier layer (FBL), which is the first layer 
of MQW layers and is next to the N-type GaN layer, may affect the luminescence characteristics of the 
ultraviolet LEDs significantly. Therefore, the influence of Si-doping concentration in FBL on the 
luminescence characteristics of GaN/AlGaN MQW ultraviolet LED is investigated numerically. It is 
found that an appropriate concentration of silicon impurities in the AlGaN FBL can improve the overall 
luminescence efficiency of ultraviolet LEDs. However, the excessive Si-doping concentration may lead 
to a degradation of the device performance by decreasing the light-emission efficiency of the first GaN 


quantum well next to the N-type GaN region, which is discussed in detail in this paper. 
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2. Device Structure and Parameters 

Fig. 1 shows the epitaxial structure of the studied GaN/AlGaN MQW ultraviolet LEDs. The LED 
structure is composed of a 3-11m-thick n-GaN layer with Si-doping concentration of 2x10'* cm” 
growing on the sapphire substrate, a 30-nm-thick AlGaN FBL with varied concentration of silicon 
impurities, an unintentionally doped MQW active region, a 100-nm-thick p-AlGaN electron blocking 
layer with 30% Al content, a 200-nm-thick p-Alp Gao gN layer, and 100-nm-thick p-GaN cap layer with 
Mg-doping concentration of 1x10°? cm®. The MQW region consists of 4 pairs of 3-nm-thick GaN 
quantum well layers and 10-nm-thick AlGaN barrier layers with 20% Al content. To distinguish each 
individual GaN quantum wells conveniently, along the growth direction, the first GaN QW, which is 
closely next to the N-type GaN layer, is named as QW1, the second and third ones are QW2 and QW3, 
respectively, and the last QW near the P-type GaN layer is called as QW4. The Si-doping 
concentrations in the AlGaN FBL are 0, 1x101, 5x10", 1x10!8, 2x10! and 5x10! cm”? for samples LO, 
L1, L2, L3, L4 and L5, respectively. 
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Fig. 1 Schematic structure of GaN/AlGaN MQW ultraviolet LEDs. 

In this work, the device characteristics of GaN/AlGaN MQW ultraviolet LEDs are studied 
numerically. The energy bands of MQW active region, the radiative and nonradiative recombination 
processes, and the drift and diffusion formulas of carriers are solved self-consistently. There are 3 types 
of recombination currents in the active region, 1.e., the Schockley-Read-Hall (SRH) nonradiative, the 
radiative, and the Auger recombination currents, where the SRH recombination lifetime is assumed to 
be I ns, the radiative recombination rate is calculated by integrating the spontaneous emission spectrum 
with a Lorentzian function, and the Auger recombination coefficient is set to be 1x10 cm®-s’. The 
electron and hole mobilities of AlGaN are 250 and 5 cm? V leg t, while those of GaN are 300 and 10 
cm’-V_'.s ', respectively. The default band ratio AEc/AEv is 0.7/0.3. The interfacial charge density 
induced by spontaneous and piezoelectric polarization is calculated using the method proposed by 
Fiorentini et al [27]. Considering the possible defect factors, the interfacial charge density is assumed 
to be 50% of the theoretical value [28]. The studied LED device is cylindrical with a diameter of 120 
um, which is operated at room temperature. The electroluminescence (EL) properties of LED samples 
are mainly studied at the injection current of 20 mA, which is chosen as a typical working condition for 


EL measurement. 


3. Results and discussions 

All the LED devices show the normal forward characteristics of PN junction in the simulation. 
The numerical forward voltages of samples LO to L5 are 3.464, 3.463, 3.457, 3.453, 3.449 and 3.446 V, 
respectively, which are basically consistent with the experimental results of LEDs with similar 
structures in literatures [29,30]. The slightly reduced forward voltages from samples LO to L5 may be 
ascribed to the reduced effective height of FBL potential barrier for both electrons and holes due to the 
increased Si-doping concentration in the AlGaN FBL, which will be discussed carefully later. The EL 
spectra of all LED samples at 20-mA injection current are depicted in Fig. 2. It can be seen that the 
peak wavelengths of EL spectra decrease with increasing the concentration of silicon impurities in FBL, 
e.g. the EL peak wavelengths of LO, L1, L2, L3, L4 and L5 are 359.7, 359.6, 359.5, 359.2, 359.0 and 
358.7 nm, respectively. Meanwhile, it is also noted that from samples LO to L3 the peak intensity 
increases remarkably, but it decreases slightly from L4 to L5, as plotted in the inset in Fig. 2. In short, 
the EL spectra blueshift and the its peak intensity increases first and then decreases when the silicon 
impurities in FBL increase. In fact, it is found that the luminescence intensity of LED sample changes 
hardly with continuously increasing the Si-doping concentration above 5x10'* cm®. Thus, in order to 
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are studied in 


simplify the analysis, only the samples with doping concentration less than 5x10'* cm 
this work. 
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Fig. 2 EL spectra of all LED samples at the injection current of 20 mA. The inset shows the variation of EL peak intensity 
from samples LO to LS. 

It is known that the overall luminescence property of the MQW-based LEDs depends on the EL 
spectrum of each individual GaN quantum wells in the active region, and the effects of Si-doping 
concentration in the AlGaN FBL on the EL property may be different for different individual QWs. 
Therefore, the EL peak intensities and peak wavelengths of QW1, QW2, QW3 and QW4 in all LED 


samples are extracted and exhibited in Fig. 3. 
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Fig. 3 Variations of peak intensities (a) and peak wavelengths (b) of each individual GaN QWs at the injection current of 20 mA. 

From Fig. 3(a) it is seen that the EL peak intensities of QW2, QW3 and QW4 are enhanced 
monotonically with increasing Si-doping concentration. However, the peak intensity of QW 1 increases 
first and then decreases obviously. Compared with Fig. 2, it is found that for the whole LED devices 
the spectral intensity of sample L4 is the maximum, while the intensity of QW1 reaches the maximum 
for sample L2. The reason is that although the peak intensity of QW1 reduces from samples L2 to LS, 
those of other QWs increase monotonically as shown in Fig. 3(a). As a result, the overall EL intensity 
of LED samples doesn’t decrease until the Si-doping concentration exceeds 2x10'* cm”, since the peak 
intensity of QW1 reduces significantly for the highly doped sample L5 with the impurity concentration 
of 5x10'* cm? in FBL. 

On the other hand, the EL spectral peak wavelengths of all QWs blueshift as the concentration of 
silicon impurities increases in AlGaN FBL, as shown in Fig. 3(b). It is noticed that from samples LO to 
LS the reduction of peak wavelength is 3.5 nm for QW1, while it is less than 1 nm for other QWs, 1.e. 
the spectral blueshift of QW1 is more significant. The spectral blueshift of LED devices is 1.1 nm in 
Fig. 2 from samples LO to L5. The extent of spectral blueshift of LED samples is between those of 
QW 1 and other QWs, since the overall spectral properties of MQW LED devices are determined by the 
superposition of the luminescence spectra of each individual GaN QWs. 

To gain a deeper understanding on the variations of EL spectra of each individual QWs, the 
distributions of electrons and holes in MQW active region at the injection current of 20 mA are plotted 
in Fig. 4 for all samples. It can be seen from Fig. 4(a) that the increase of electron concentration in 
QW 1 is remarkable, while it is slight in the other 3 QWs. However, in Fig. 4(b) it is surprising to find 
that the hole concentration in QWI1 is reduced significantly, while those in other QWs are almost 
unchanged, as the concentration of silicon impurities in AlGaN FBL increases. Therefore, from 
samples LO to L5, the EL peak intensities of QW2, QW3 and QW4 increase monotonically as shown in 
Fig. 3(a), since the concentrations of electron increases slightly and those of holes keep almost constant 
in the three QWs. For the case of QW1, the EL intensity increases from samples LO to L2 with doping 
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concentration of 5x10” cm? 


, Since the reduction of hole concentration is less significant than the 
increase of electron concentration. However, from samples L3 to L5, i.e. the Si-doping concentration 
exceeds 5x10!’ cm? , although the electron concentration still increases in QW1, the hole concentration 
decreases remarkably, which causes an obvious reduction of the luminescence intensity of QW1. As a 
result, the EL peak intensity of QW1 increases from samples LO to L2 and then decreases from L3 to 


L5, as depicted in Fig. 3(a). 
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Fig. 4 Distributions of electrons (a) and holes (b) in each individual GaN QWs for all samples at the injection current of 20 mA. 

According to the carrier distributions, it is considered that the polarization field in GaN QWs can 
be partially screened by the increased electrons injected in the GaN QWs, which may be the main 
reason responsible for the EL spectral blueshift for QW2, QW3 and QW4 in Fig. 3(b). In addition, it 
should be pointed out that the polarization charges caused by the lattice mismatch at the interface of 
GaN/AIGaN heterostructure can be partially screened by the free electrons ionized by the silicon 
impurities in AlGaN barrier layers [31,32]. Therefore, for the case of QW1, when the concentration of 
silicon impurities in the AlGaN FBL increases, the ionized free electrons can effectively screen the 
polarization charges at the interface between GaN QW 1 and AlGaN FBL. As a consequence, combined 
with the increased concentration of injected electrons in QW1 and the ionization of silicon impurities in 
FBL, the polarization-induced electric field in QW1 is weakened significantly, leading to a remarkable 
blueshift of the EL spectrum for QW 1 as shown in Fig. 3(b). 

Fig. 5 shows the energy band diagrams of the MQW layers without bias current to further discuss 
the distributions of carriers in different QWs. For the ideal undoped FBL, e.g. sample LO, both the 
conduction and valance bands of FBL are tilted, forming triangular potential barriers hindering the 
diffusions of electrons and holes, respectively. In other words, the electrons and holes need to 
overcome the triangular FBL barriers to enter into QW1 and N-type GaN layers, respectively. When the 
Si-doping concentration increases, the electric field in FBL decreases due to the screening effect of free 
electrons generated by the ionization of silicon impurities. As a result, the tilt of FBL energy bands 
becomes less significant. For the heavily doped LEDs, such as sample L5, the most parts of the energy 


bands in the FBL area are almost flat, as seen in Fig. 5. 
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Fig. 5 Conduction (a) and valence bands (b) of MQW active region for all samples at zero bias. 


For the electrons, when the concentration of silicon impurities increases, the conduction band of 
FBL becomes less tilted in Fig. 5(a). The effective height of the triangular potential barrier of AlGaN 
FBL, which is defined as the distance between the highest and the lowest points of the conduction band 
in the AlGaN FBL area, is reduced. For instance, the electronic effective barrier heights of AlGaN FBL 
are 1910, 1853, 1624, 1341, 936 and 554 meV for samples LO, L1, L2, L3, L4 and LS, respectively. 
Furthermore, accompanied with the reduction of the effective barrier height, the triangular barrier of 
AlGaN FBL becomes narrowed due to the screening effect, as seen in Fig. 5(a). The width of FBL 
triangular barrier for the heavily doped sample L5, for example, is less than 5 nm. According to the 
basic theory of quantum mechanics, the thinner barrier can facilitate the quantum tunneling effect, 
which makes more electrons injected into QW1 from the N-type GaN region [33]. Therefore, the 
reductions of both effective height and width of triangular potential barrier in the conduction band of 
AlGaN FBL may jointly cause more electrons injected from the N-type GaN layer into QW] as well as 
the whole MQW layers. 

Similar to the electrons in conduction band, the effective height of FBL potential barrier for holes 
can be defined as the difference between the highest and lowest points of the valence band in the 
AlGaN FBL area. Due to the screening effect induced by the ionized silicon impurities, the effective 
barrier height for holes monotonically decreases from 1687 to 367 meV with increasing the Si-doping 
concentration in FBL. Since the holes are injected from the MQW active region into the N-type GaN 
region, the FBL is used to prevent holes entering the N-type region. Therefore, the reduction of 
effective height barrier of AlGaN FBL in valance band actually weakens the blocking effect of FBL on 
holes, which may cause a large number of holes leak from the QW1 into the N-type GaN layer. 
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Fig. 6 Conduction (a) and valence bands (b) of QW1 and FBL for all samples at the injection current of 20 mA. 

To further discuss the transport of electrons and holes under forward bias condition, the energy 
band diagrams of the area near QW1 and FBL at the injection current of 20 mA are plotted in Fig. 6. 
Similar to the analysis of energy bands at zero bias, for the electrons in the conduction band in Fig. 6(a), 
it is obvious that both the effective height and width of the triangular potential barriers of AlGaN FBL 
decrease with increasing doping concentration, which can facilitate the injection of more electrons 
from N-type layers into QW1 as well as the whole MQW region. For the holes in the valance band in 
Fig. 6(b), the effective barrier height of AlGaN FBL, which is 290 meV for sample LO, is reduced to 
278 meV for sample L5. Meanwhile, as the Si-doping concentration increases in FBL, the effective 
distance between QW1 and N-type region becomes short, i.e. the FBL barrier for holes is narrowed. 
Therefore, the leakage of holes may become significant for the heavily doped sample L5. 

Combined with Figs. 5 and 6, it is reasonable that in Fig. 4 the electron concentration in the MQW 


layers increases monotonously with increasing the silicon impurities in FBL, and especially the 


increase in QW1 is the most significant, while there is a sharp reduction of hole concentration in QW1 
for the highly doped sample at the injection current of 20 mA. 


200 100 








Electron flow Hole flow —~ 


2 
) 
g 


Hole current density (A/cm?) 


Electron current density (A/cm 


0.44 0.45 0.46 0.47 0.48 0.44 0.45 0.46 0.47 0.48 
Distance (um) Distance (um) 
(a) (b) 


Fig. 7 Current densities of electrons (a) and holes (b) in the n-side of all LED samples at the injection current of 20 mA. 

Fig. 7 demonstrates the numerical distribution of electron and hole currents in the regions of QW1 
and FBL for all samples at 20-mA injection current. It is commonly known that more charge carriers 
can contribute to a larger current density. Thus, in Fig. 7(a) it is obvious that the electron current 
density in QW1 increases with increasing the silicon impurities in FBL, which is consistent with the 
increased electron concentration in QW1 in Fig. 4(a). On the contrary, in Fig. 7(b) the hole current 
density in QW1 decreases from samples LO to L5 remarkably, which accords with the reduction of hole 
concentration in QW1 in Fig. 4(b). These results indicate that as the Si-doping concentration increases, 
more electrons can be injected from N-type region into QW1, while more holes may leak outside from 
QW 1 into N-type region, due to the weakened blocking effect of FBL on both electrons and holes. 

According to the aforementioned discussions, the doping of silicon impurities in AlGaN FBL can 
screen the electric field and weaken the blocking effect of FBL on both electrons and holes, which 
cause the increase of electrons and the reduction of holes in QW1, respectively. For the lightly doped 
samples, the increase of electrons is more significant, facilitating to improve the EL intensity of the 
whole LED. However, when the doping concentration of silicon impurities in FBL is too high, the hole 
concentration in QW1 may decrease significantly, since the remarkably increased electrons ionized by 
the heavily doped silicon impurities may weaken the blocking effect of FBL on holes intensely. As a 
result, the luminescence efficiency of QW 1 is deteriorated severely, which may reduce the EL intensity 
of the whole MQW ultraviolet LEDs, such as sample L5. 
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Fig. 8 Internal quantum efficiency versus injection currents for all samples in the range from 0 to 100 mA. 


At last, the effects of Si-doping concentration in FBL on the droop behaviors of LED samples are 
studied in Fig. 8 which shows the dependence of internal quantum efficiency (IQE) on the injection 
currents. It can be seen that the IQE values of all samples reduce hardly as the current increases even to 
100 mA. It implies that the droop behaviors of our LED devices can be ignored in the current range 
studied. On the other hand, in general the values of IQE are improved from samples LO to L3, while 
those of samples L3, L4 and L5 are almost equal to each other. Especially, at the injection current of 20 
mA, the IQE value of samples L4 is slightly larger than that of L5, which is consistent with the 
comparison of peak intensities of EL spectra in Fig. 2. However, when the injection current increases to 
100 mA, the IQE value becomes a little larger for sample L5 than L4. This is because that the transport 
capability of holes is worse than that of electrons due to the much larger effective mass for holes. 
Therefore, compared with the rapid increase of electrons in QW1 with increasing current, the increase 
of hole leakage is slow relatively. In other words, for the highly doped sample, at very high currents the 
hole leakage may be less effective, while the increase of electrons in QWI1 is more significant. As a 
consequence, the IQE of sample L5 becomes slightly larger than that of L4 at the high injection current 
of 100 mA. 


4. Conclusion 

In summary, the effects of Si-doping concentration in the AlGaN FBL on the luminescence 
characteristics of GaN/AlGaN MQW ultraviolet LEDs are studied numerically. It is found that when 
the concentration of silicon impurities increases, the EL peak wavelengths of LED samples reduce 
monotonously, while peak intensities increase first and then decrease. It is considered that the increased 
silicon impurities in FBL can weaken the FBL blocking effect on both electrons and holes, which may 
make the electron concentration in the MQW layers increased and correspondingly improve the LED’s 
luminescence intensity. However, for the heavily doped sample, the blocking effect of FBL on holes is 
significantly weakened, leading to a serious hole leakage outside from QWI1. As a result, the 
luminescence efficiency of QWI1 decreases significantly due to the severe reduction of hole 
concentration in QW1, which may deteriorate the overall EL intensity of the LED sample. Therefore, it 
is suggested that the proper silicon doping in the AlGaN FBL is beneficial to improve the performance 
of GaN/AlGaN MQW ultraviolet LEDs. However, the excessive doping may lead to the severe leakage 


of holes, and eventually cause the degradation of the device performance. 
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Highlights 
1. Effects of Si-doping concentration in the first barrier layer (FBL) are studied. 
2. LED’s luminescence intensity increases first and then decreases with increasing Si. 
3. The injection of electrons is enhanced with increasing Si-doping concentration. 
4. The leakage of holes is significant for the highly doped sample. 


5. Blocking effects on electrons and holes are weakened with increasing Si impurities. 
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